We investigate the family of mixed Br/Cl organolead halide perovskites which enable light emission in the blue-violet region of the visible spectrum. We report the structural, optical and electronic properties of this air-stable family of perovskites, demonstrating full bandgap tunability in the 400-550 nm range and enhanced exciton strength upon Cl substitution. We complement this study by tracking the evolution of the band levels across the gap, thereby providing a foundational framework for future optoelectronic applications of these materials.
Introduction
Organometallic lead halide thin films have been attracting an evergrowing interest from the photovoltaic scientific community following breakthroughs in solar-to-electric power conversion efficiencies, 1, 2 which have recently risen to 20.1% 3 in a remarkably short timeframe. While the predominant research thrusts have since been oriented towards the use of these materials as active layers in light-harvesting devices, more recent studies have demonstrated optoelectronic applications of perovskite thin films in light-emitting-devices (LEDs), 4 ,5 lasers, [6] [7] [8] photodetectors, 9 and photocatalysts. 10 The physical chemistry of these compounds is particularly tolerant to mixed-halide synthesis 2, 11 , which can lead to pure or mixed phases according to the structural compatibility of the different anions [12] [13] [14] [15] [16] [17] , an aspect which is key to the impressive versatility characterizing this class of materials. While wide-bandgap perovskites are not suitable for photovoltaic applications due to their transparency to most of the solar spectrum, LED technology can fully leverage the optical tunability and spectral purity that can be simultaneously engineered in Br-and Cl-based lead halide perovskites. The optical tunability, in particular, is a direct consequence of the negative electronic compressibility of these systems, whereby a compression of the unit cell -implemented via anion substitution -can be used to increase the bandgap over a wide spectral range. In this context, recent studies have shown promising prospects for the use of lead halide perovskite films in light emission devices whose spectral response can be chemically tuned across the entire visible spectrum. 4, 5 While extensive efforts are underway to optimize the efficiency of red and green perovskite LEDs, Cl-based films for blue-violet light emission have only been studied to a somewhat peripheral extent, 5, 6 partly due to the lack of information on the electronic band levels. While earlier works have preliminarily addressed certain aspects of the near-gap bandstructure and related optical response in Cl-and Br-based thin films, 18, 19 a detailed and systematic study of the electronic structure
Results and discussion
For this study, we used solution processing routes to synthesize thin films of methylammonium (MA = CH 3 NH 3 ) lead halide perovskite 
Structural properties
For the study of structural properties we used x-ray diffraction confirms the progressive expansion of the unit cell. The variation over time of the sample structure and crystallinity is presented in Figure 1c for the case of MAPbCl 3 . The negligible evolution of the peak intensity and broadening combines with the absence of any sign of decomposition (inferred from the lack of peaks from the metal precursor PbCl 2 ) to provide evidence for an excellent structural stability in ambient conditions over more than 5 months.
Optical properties
We then proceeded to study the optical properties of MAPbBr 3-x Cl x films using absorption and photoluminescence (PL) spectroscopy. Equation 1 is used to model the excitonic absorption term using an asymmetric lineshape (to account for the higher-lying exciton levels as well as the interaction between the latter and the particle-hole continuum 21 ) in the form of a hyperbolic secant:
where I ௫ and E ௫ represent the exciton intensity and energy respectively, and Γሺ‫ܧ‬ሻ = 2 • Γ ௫ • ሺ1 ݁ ா ሻ ିଵ is a generalized, energy-dependent linewidth. The exciton energy is related to the 
where ‫ܫ‬ ௧ represents the intensity of the absorption edge, ߠሺ‫ܧ‬ሻ is Figure 2e , as well as in Table 1 . As already noted from the absorption spectra, ‫ܩ‬ increases with Cl content, which reflects the more pronounced ionic character in Clbased perovskites. In pure MAPbCl 3 we determine an exciton binding energy of about 50 meV, more than double the value for MAPbBr 3 ‫12~ܩ(‬ meV), while in general our absolute values are compatible or slightly lower than previous optical studies on I-based perovskite.
22,24
Electronic structure Table 1 ).
The valence band photoemission spectra are displayed in The raw product CH 3 NH 3 X was re-dissolved in absolute ethanol and precipitated with the addition of diethyl ether for recrystallization.
After filtration, the previous step was repeated again. Finally, the solid product was collected and dried at 60 °C in a vacuum oven for 24 h.
All substrates were chemically washed prior to film deposition.
Substrates were immersed and sonicated in baths of Triton X-100
cleaning solution, isopropanol, and deionized water sequentially.
After each bath, substrates were rinsed with deionized water. The substrates were then dried in an oven at 90 °C for 1.5 to 2 hours.
This was followed by a final soak in an isopropanol bath for six hours and subsequent drying with nitrogen gas. After chemical washing, glass and Spectrosil ® substrates were plasma treated for five minutes with an oxygen plasma in order to improve film wetting. Following plasma treatment, films were immediately deposited on the substrates using a one-step or a two-step method. clean substrates for spin-coating. Samples were spun at 4000 rpm for 1 minute. For two-step syntheses, ten drops of lead precursor solution were spun using the same procedure; spin coating was then repeated with ten drops of methylammonium halide solution.
In the case of anti-solvent rapid crystallization, a 50 L aliquot of chlorobenzene was deposited onto the spinning sample after Please do not adjust margins
Please do not adjust margins spinning at 10000 rpm for 10 seconds and 30 seconds at 5000 rpm; spinning was continued for 30 seconds at 5000 rpm after chlorobenzene addition. All samples were immediately annealed for 45 minutes at 100 °C on a hotplate. The entire fabrication procedure was performed in a room-temperature nitrogen atmosphere.
Characterization of perovskite thin films X-ray diffraction (XRD). XRD scans have been acquired on a Rigaku
MiniFlex 600 diffractometer equipped with a NaI scintillation counter and using monochromatized Cu-‫ܭ‬ ఈ radiation (ߣ = 
Ultraviolet photoemission spectroscopy (UPS). Photoelectron
Spectroscopy (PES) was performed in a PHI5500 Multi-Technique system using monochromatic Al-‫ܭ‬ ఈ radiation (XPS, ℎߥ = 1486.7 eV) and non-monochromatized He-‫ܫ‬ ఈ radiation (UPS, ℎߥ = 21.22 eV).
All workfunction and valence band measurements were performed at a take-off angle of 88 degrees, and the chamber pressure was approximately 10 ିଽ torr. During measurement, the sample was held at a constant bias of -15 V relative to the spectrometer in order to improve the low energy photoelectron signal. Note that the samples have been exposed to atmosphere for a brief period of time (~5 minutes) in order to apply carbon-tape conductive contacts to the films (to avoid charging effects) prior to loading into the photoemission chamber.
